The lithium rhodium stannide LiRh 3 Sn 5 was synthesized from the elements in a sealed tantalum tube and investigated via X-ray powder and single crystal diffraction: Pbcm, a = 538.9(1), b = 976.6(3), c = 1278.5(3) pm, wR2 = 0.0383, 1454 F 2 values, and 44 variables. Refinement of the occupancy parameters revealed a lithium content of 92(6)%. LiRh 3 Sn 5 crystallizes with a new structure type. The structure is built up from a complex three-dimensional [Rh 3 Sn 5 ] network, in which the lithium atoms fill channels in the b direction. The [Rh 3 Sn 5 ] network is governed by Rh-Rh (274 -295 pm), Rh-Sn (262 -287 pm), and Sn-Sn (289 -376 pm) interactions. The lithium atoms have CN 13 (4 Rh+ 9 Sn). Electronic band structure calculations and the COHP bond analysis reveal strong Rh−Sn bonds and also significant Rh−Rh bonding within the Rh 3 Sn 5 network, which is additionally stabilized by weak but frequent Sn−Sn interactions.
Introduction
The binary lithium stannides have intensively been investigated with respect to their use as electrode materials in lithium-based batteries, since such intermetallic compounds significantly reduce the problem of whisker growth. An overview on these investigations is given in a review article [1] and some recent work [2 -7] . Although a variety of ternary lithium transition metal stannides have been synthesized and structurally characterized [8 -16] , these materials have not yet been investigated with respect to potential lithium mobility. Recent examples for such investigations on ternary stannides are LiT Sn 4 (T = Ru, Rh, Ir) [17 -19] , LiAg 2 Sn [20] , Li 17 Ag 3 Sn 6 [16] , Li 2 AuSn 2 [21] , LiAuSn [22, 23] , and LiAu 3 Sn 4 [23] , the series Li 1+x Pd 2 Sn 6−x [24] , LiCoSn 6 [25] , and the solid solution Li 3−x Pt 2 Sn 3+x [26] . Especially for LiAg 2 Sn [20] and Li 2 AuSn 2 [21] , temperature dependent 7 Li solid state NMR investigations revealed low activation energies for lithium motion of 33 and 27 kJ/mol, respectively.
In continuation of our systematic investigations on the structures and properties of lithium transition metal stannides we obtained the new stannide LiRh 3 Sn 5 0932-0776 / 05 / 0900-0933 $ 06.00 c 2005 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com with a complex three-dimensional [Rh 3 Sn 5 ] network. The structure determination and a detailed analysis of chemical bonding of this stannide are reported herein.
Experimental Section

Synthesis
Starting materials for the synthesis of LiRh 3 Sn 5 were lithium rods (Merck, > 99.5%), rhodium powder (DegussaHüls, ca. 200 mesh, > 99.9%), and tin granules (Heraeus, > 99.9%). The lithium rods were cut into smaller pieces under dried (over lithium) paraffin oil. The lithium pieces were washed with n-hexane (dried over sodium wire) and the clean pieces were kept in Schlenk tubes under dry argon until use. The commercial argon (Westfalengas, 4.8) was purified over titanium sponge (970 K), silica gel, and molecular sieves.
Lithium pieces, rhodium powder, and tin granules were then weighed in the ideal 1:3:5 atomic ratio and arc-welded in a small tantalum tube (ca. 1 cm 3 ) under an argon pressure of ca. 800 mbar. Details on the arc-melting equipment are given elsewhere [27] . The tantalum tube was subsequently sealed in a quartz tube for oxidation protection and first heated at 970 K for two hours. After rapid cooling to 670 K, the sample was kept at that temperature for another two weeks and finally quenched by radiative heat loss outside the furnace. The product could easily be separated from the tan- 
X-ray film data and structure refinements
The samples have been analyzed through Guinier powder patterns using Cu-K α1 , radiation and α-quartz (a = 491.30; c = 540.46 pm) as an internal standard. The Guinier camera was equipped with an image plate system (Fujifilm, BAS-1800). The orthorhombic lattice parameters (Table 1) were refined from the Guinier data. The correct indexing of the (2) 97 (1) 66 (1) 75 (1) 8 (1) 9(1) −13 (1) 79 (1) pattern was facilitated through an intensity calculation [28] , taking the atomic positions obtained from the structure refinement. The lattice parameters determined for the powder and the different single crystals agreed well. Small, irregularly-shaped single crystals were selected from the crushed samples and mounted on small glass fibres using bees wax. They were first examined on a Buerger camera (equipped with the same image plate system) via Laue photographs in order to check the crystal quality for intensity data collection.
Intensity data were collected at room temperature on a Stoe IPDS-II diffractometer in oscillation mode using graphite monochromatized Mo-K α radiation. A numerical absorption correction was applied to the data. All relevant crystallographic data and details for the intensity data collection are listed in Table 1 . Careful analysis of the image plate data set revealed a primitive orthorhombic unit cell, and the systematic extinctions were compatible with space group Pbcm. The positions of the rhodium and tin atoms were deduced from an automatic interpretation of direct methods using SHELXS-97 [29] . The lithium site was obtained from a subsequent difference Fourier synthesis. The rhodium and tin sites were refined with anisotropic atomic displacement parameters, while the lithium site was refined isotropically. The refinement was performed with SHELXL-97 (fullmatrix least-squares on F 2 ) [30] . Since rhodium and tin differ only by five electrons, the occupancy parameters of these five sites were refined in a separate series of least-squares cycles in order to check for the correct site assignments. These sites were fully occupied within two standard uncertainties, and in the subsequent cycles, the ideal occupancies were assumed again. There was no hint for Rh/Sn mixing. The quality of the data set allowed also a refinement of the lithium occupancy parameter. The refined value of 92(6)% lithium indicates only small defects. Since this site also is fully occupied within two standard uncertainties, the ideal LiRh 3 Sn 5 composition was assumed for the final cycles. The refinement went smoothly to the residuals listed in Table 1 
EDX analysis
The bulk sample and the single crystal measured on the diffractometer have been analyzed by EDX using a LE-ICA 420 I scanning electron microscope with elemental rhodium and tin as standards. The single crystal mounted on the quartz fibre was coated with a thin carbon film. Pieces of the bulk sample were polished with different silica and diamond pastes and left unetched for the analyses in the scanning electron microscope in backscattering mode. Neither metallic impurities nor tantalum contaminations from the crucible were detected via EDX. The analyses, 37 ± 2 at.-% Rh : 63 ± 2 at.-% Sn on average, were within the experimental uncertainties close to the ideal Rh : Sn ratio of 37.5 : 62.5 derived from the structure refinement.
Electronic structure calculations
Self-consistent DFT band structure calculations were performed using the LMTO-method in its scalar-relativistic version (program TB-LMTO-ASA) [31] . Detailed descriptions are given elsewhere [32, 33] . Reciprocal space integrations were performed with the tetrahedron method [34] using 45 kpoints (grid of 8 × 4 × 4) within the irreducible wedge of the Brillouin zone. The basis sets consisted of Li-2s/{2p/3d} Rh-5s/5p/4d/{4 f } and Sn-5s/5p/{5d/4 f }. Orbitals given in parentheses were downfolded [35] . In order to achieve space filling within the atomic sphere approximation, interstitial spheres were introduced to avoid too large overlap of the atom-centred spheres. The empty spheres positions and radii were calculated automatically. We did not allow overlaps of more than 15% for any two atom-centred spheres. The COHP method was used for the bond analysis [36] . COHP gives the energy contributions of all electronic states for a selected bond. The values are negative for bonding and pos- Fig. 1 . Coordination polyhedra in the structure of LiRh 3 Sn 5 . All neighbors listed in Table 3 are drawn. The lithium, rhodium, and tin atoms are drawn as medium grey, black filled, and open circles, respectively. The site symmetries are indicated.
itive for antibonding interactions. With respect to the COOP diagrams, we plot -COHP(E) to get positive values for bonding states.
Results and Discussion
LiRh 3 Sn 5 crystallizes with a new structure type with one lithium, two rhodium, and three crystallographically independent tin sites. The coordination polyhedra of all sites are presented in Fig. 1 . The lithium atoms occupy relatively large cavities of coordination number (CN) 13 with four rhodium and nine tin neighbours. Due to the low lithium content, there are no LiLi contacts in LiRh 3 Sn 5 (the shortest Li-Li distance is 500 pm).
The shortest interatomic distance in the LiRh 3 Sn 5 structure is the Li-Rh2 distance at 262 pm, similar to the Li-Rh distances (260 and 261 pm) in binary LiRh 3 [37] . However, these Li-Rh distances are longer than the sum of the covalent radii of 248 pm [38] . An even longer Li-Rh distance of 284 pm is observed in LiRhSn 4 [17] . The lithium atoms have the relatively high coordination number 13. The CN of lithium in intermetallics seems to be higher than in ionic compounds. Similar high coordination numbers have been observed in the stannides LiT Sn 4 (T = Ru, Rh, Ir) [17] (LiT 2 Sn 8 , CN 10, in the form of a bi-capped square prism), LiAg 8 cubes (CN 8) in LiAg 2 Sn [23] , CN 12 in Li 2 AuSn 2 [21] (2 Li + 3 Au + 7 Sn), and a hexagonal prismatic lithium coordination in LiAuSn [23] .
The 13 nearest neighbours of the lithium atoms in LiRh 3 Sn 5 cover the relatively broad range of distances from 262 to 351 pm. Nevertheless, the lithium atoms are more or less centred within this coordination polyhedron. The CN 13 polyhedra are condensed via common Sn 3 triangles in the b direction, forming onedimensional strands (Fig. 2) which are further condensed via Rh-Sn and Sn-Sn contacts.
Both rhodium sites have coordination number 10 (2 Li + 2 Rh + 6 Sn for Rh1 and 1 Li + 2 Rh + 7 Sn for Rh2). The Rh-Sn distances range from 262 to 287 pm, close to the sum of the covalent radii (265 pm) [38] . Similar Rh-Sn distances occur in the networks of LiRhSn 4 (280 pm) [17] , GdRhSn (274 -283 pm) [39] , or CeRhSn 2 (262 -277 pm) [40] . We can thus assume a considerable degree of Rh-Sn bonding in LiRh 3 Sn 5 . Each rhodium atom has two rhodium neighbours at Rh1-Rh2 of 295 and Rh2-Rh2 of 274 pm, leading to zig-zag chains that extend in the c direction (shown in Fig. 2 ). Both Rh-Rh distances are only slightly longer than in fcc rhodium (269 pm) [41] .
Finally we need to discuss the tin coordination spheres. Due to their size, the tin atoms have the highest coordination numbers (15, 14 , and 15 for Sn1, Sn2, and Sn3, respectively). Each tin atom has between eight and nine tin neighbors at Sn-Sn distances covering the large range of distances from 289 to 376 pm. The shorter Sn-Sn distances compare well with the Sn-Sn distances in α-(281 pm) and β -Sn (4 × 302 and 2 × 318 pm) [41] . A cutout of the tin substructure is shown at the right-hand part of Fig. 2 . As emphasized in that Figure, most tin atoms build up chains of trans-edge sharing tetrahedra along the a axis. Such tetrahedra also occur in the stannides LiTSn 4 (T = Ru, Rh, Ir) [17] . Together, the rhodium and tin atoms build up a rigid three-dimensional [Rh 3 Sn 5 ] network, in which the lithium atoms fill channels in the b direction (Fig. 3) We have investigated the electronic structure and chemical bonding in LiRh 3 Rn 5 by density-of-states (DOS) and crystal orbital Hamilton populations (COHP), obtained from self consistent DFT band structure calculations. The total DOS and also the rhodium and tin partial DOS are shown in Fig. 4 . No gap is discernible at the Fermi level in agreement with the metallic properties of LiRh 3 Sn 5 . The calculated DOS at E F is 11 states/eV and roughly composed by 5% lithium, 52% rhodium and 45% tin orbitals. The DOS between −12 and −6 eV is dominated by the Sn-5s levels, which are considerably broadened and have therefore no lone pair character. Also the Rh-4d orbitals show strong energy broadening from −6 to −0.5 eV, which indicates that both the tin 5s, 5p as well as the rhodium 4d orbitals are strongly mixed and involved in chemical bonding. The integration of the DOS reveals about nine electrons in the ASA sphere of rhodium, 3.5 in the tin and 1.5 in the Li sphere. From this we infer that the electronic charge distribution in LiRh 3 Sn 5 is relatively homoge-neous and that polar contributions are small. However, it is not possible to determine reliable atomic charges from DOS integrations, because the integrated amount of charge depends on the ASA radii of concern. In the present case, we find 1.5 electrons inside the sphere around lithium, but this is not to equate with Li 0.5− , because the automatically generated ASA radius for Li in LiRh 3 Sn 5 is rather large (2.97 au) due to the high coordination number. We think that the lithium atoms are not completely ionized to Li + , but positively polarized due to their low electronegativity. The formulation Li δ + [Rh 3 Sn 5 ] δ − seems a good description. On the other side, the effect of no electron or at the most one electron transferred to the covalently bonded [Rh 3 Sn 5 ] network is surely very small. [18] . But also the Rh−Rh bonding plays a significant role in LiRh 3 Sn 5 . Even though a part of Rh−Rh antibonding levels is already occupied, the ICOHP is ∼ 1 eV/bond Rh−Rh , that is, almost 60% of a Rh−Sn bond. In contrast to this, the Sn−Sn interactions are rather weak and the COHP values small (Fig. 5) . The mean ICOHP is only 0.32 eV/bond Sn−Sn , but one must keep in mind that there are many more Sn−Sn than Rh−Rh contacts in the structure, so that the bonds between the tin atoms also contribute significantly to the stability of LiRh 3 Sn 5 .
